The small subpopulation of high-affinity EGF receptors (EGFRs) on living cells revealed by Scatchard analysis of 125 I-EGF binding results was discovered nearly three decades ago, yet not much is known about the underlying mechanism. After the determination of the structure of different forms of EGFR extracellular domain it was proposed that the monomeric tethered configuration corresponds to the majority of low-affinity receptors, whereas the extended dimeric configuration corresponds to the minority of the high-affinity class of EGFRs. Mathematical modeling of EGF-binding experiments to different conformational mutants of EGFR has shown that the high-affinity class of EGFR on living cells does not correspond to the extended configuration of EGFR and can only be accounted for by including in the mathematical model an additional binding event that is attributed to the dynamic nature of EGFR on living cells. To circumvent this problem we have performed similar experiments in the background of an EGFR mutant that does not form high-affinity sites. Quantitative analysis and mathematical modeling of these data show that release of the intramolecular tether causes a 2-fold increase in EGF-binding affinity, whereas elimination of the dimerization arm reduces EGFbinding affinity by Ϸ6-fold. These experiments confirm the salient features of the structural model for EGFR regulation and argue further that the intramolecular tether provides only limited autoinhibitory control of EGFR activity and that the low-affinity class of EGF-binding sites on living cells reflects interconverting, tethered, and extended receptor configurations.
T
he protein tyrosine kinase (PTK) activities of the EGF receptor (EGFR) family of receptor tyrosine kinases (RTKs) are normally subject to multiple regulatory mechanisms before and after growth factor stimulation (reviewed in refs. 1 and 2). It has been shown that deregulation of the PTK activity or constitutive tyrosine phosphorylation of members of the EGFR family of RTKs play an important role in a great variety of human cancers (reviewed in ref. 3) .
One of the oldest unsolved questions related to the mechanism of action of EGFR is the origin of the curvilinear Scatchard plots seen in quantitative analyses of 125 I-labeled EGF binding to living cells bearing EGFRs (4) . A region of the Scatchard plot with steep slope is thought to represent high-affinity receptors that bind EGF with a K D of Ϸ10-100 pM, accounting for 2-5% of the receptors. The second, more shallow, slope is thought to correspond to an apparent low-affinity class (K D 1-10 nM), representing the majority (95-98%) of receptors (4, 5) . Several studies have proposed that the high-affinity receptors are the primary mediators of EGFR signaling (reviewed in ref. 5) .
At first glance, the two affinity states of EGFR detected by Scatchard analysis in living cells seem to be consistent with the occurrence of two distinct conformations of the receptor extracellular domain that were proposed on the basis of structural studies (reviewed in ref. 6 ). The monomeric, unoccupied EGFR is maintained in an autoinhibited low-affinity state by intramolecular interactions between a specific loop from the cysteine-rich domain II and a binding site on domain IV (designated the ''tethered'' configuration). It is thought that this tethered monomeric configuration is in equilibrium with an ''extended'' configuration that exhibits higher ligand-binding affinity and is competent for dimer formation and resulting tyrosine kinase activation. EGF binding promotes dimerization of EGFR that is driven by receptor-receptor interactions involving the same loop in domain II (the ''dimerization arm'') that is responsible for forming the intramolecular tether in the monomer. Quantitative EGF-binding experiments using the soluble extracellular domain of EGFR showed that breaking the tether (thus favoring the extended configuration) increases EGF binding affinity by Ϸ3-fold (7) .
Although the tethered and extended forms have different EGF-binding affinities, our mathematical modeling showed that a population of receptors alternating between these two states cannot produce the experimentally observed curvilinear Scatchard plots of EGF-binding experiments to living cells (8) . To yield such curved plots, an unspecified ''external'' site that binds dimerized receptors with high affinity had to be included in the model (8) . Furthermore, our attempts to study the effect of extracellular domain mutations on EGF-binding affinities suffered from complications that are likely caused by the dynamic nature of EGFRs in living cells that undergo rapid endocytosis and degradation (9) . These processes are mediated by tyrosine phosphorylation and interactions with components of coated pits and other elements of the endocytic machinery.
To remove this complication from our studies, we have taken advantage of an observation that we made two decades ago. Deletion of the EGFR cytoplasmic domain leads to defects in internalization and down-regulation (10) and, most interestingly, abolishes the high-affinity binding sites seen with wild-type EGFR on the cell surface. The mutated EGFR retains the capacity to undergo EGF-induced dimerization and EGFinduced heterodimerization with wild-type EGFR expressed in the same cells (11, 12) . Importantly, the internalization-deficient EGFR mutant (EGFR-P) gives linear rather than the typical curved Scatchard plots (10), simplifying analysis of the effects of extracellular mutations on ligand-binding affinity. Interestingly, a similar loss of high-affinity EGF-binding sites is seen upon overexpression of a dynamin mutant that impairs clathrindependent endocytosis (13) .
To enable quantitative analysis of EGF binding to living cells, we introduced targeted point mutations and deletions that disrupt the autoinhibitory tether or receptor dimerization in the background of EGFR-P and have explored the effects of these conformational alterations on EGF-binding characteristics. Because these EGF-binding experiments are performed with receptors expressed on the surface of living cells, this study is a more physiologically relevant system than studies using only the soluble extracellular domain. Our results argue that the so-called low-affinity class of EGF-binding sites reflects interconverting tethered and extended configurations. Moreover, mutational disruption of the tether increased EGF-binding affinity by only Ϸ2-fold, indicating that the tether exerts only limited autoinhibitory control.
Results and Discussion
We first analyzed the EGF-binding profile of the EGFR cytoplasmicdomain deletion mutant (EGFR-P) that serves as both a platform and a standard for determining the contribution of different critical amino acid residues in the extracellular domain toward EGF binding affinity. The IC 50 obtained from an EGF displacement curve for cells expressing EGFR-P treated with 125 I-labeled EGF was found to be 6 nM, and Scatchard analysis of 125 I-labeled EGF-binding to the same cells showed a best fit to a single binding constant with an apparent K D of 6.4 Ϯ 1.0 nM (Figs. 1 and 2A), similar to the value published by Livneh et al. (10) , and in the expected range for the majority of so-called low-affinity EGF-binding sites seen with the wild-type receptor.
The Role of Intramolecular Tether. The effect of the autoinhibitory tether was determined by analyzing two different mutants: one devoid of the entire region in domain IV (amino acids 560-590) responsible for intramolecular tether formation (Del:560-590), and a second in which three critical residues that participate in domain II͞IV interactions were replaced with alanine (D563A͞ H566A͞K580A). The IC 50 and apparent K D values were 2.5 nM and 2.7 Ϯ 0.5, respectively, for the Del:560-590 mutant (Figs. 1 and 2B) and 3.0 nM and 3.2 Ϯ 0.5 nM, respectively, for the D563A͞H566A͞K580A mutant (Figs. 1 and 2C) . Thus, both of these mutations, which disrupt all tether interactions seen in the crystal structure (7), cause an Ϸ2-to 3-fold increase in EGFbinding affinity compared with values obtained for EGF binding to cells expressing the EGFR-P standard. In addition, Scatchard plots of the binding data produced concave-down (convex) curves for both mutations. Computational simulation of ligand binding and dimerization of EGFR (see below) demonstrates that concave-down curves observed in Scatchard plots can be generated in the presence of detectable dimerization. We also measured the dissociation constants for EGFR-P and D563A͞ H566A͞K585A mutants by applying the one-phase exponential decay model to 125 I-EGF dissociation data. A decrease in the dissociation rate by a factor of two was detected for the extended EGFR extracellular domain (D563A͞H566A͞K585A) as com- 
Fig. 2. Scatchard plots of EGF-binding data obtained from cells expressing EGFR-P (A) or versions of EGFR-P mutated in the autoinhibitory tether region,
Del:560 -590 (B) and D563A͞H566A͞K585A (C). Cells were grown to confluence in 24-well plates and incubated with increasing concentrations of 125 I-EGF in triplicate for 60 min at room temperature. A 100-fold excess of unlabeled EGF was simultaneously added to the third well to determine nonspecific binding. Curve fitting to saturation binding data (Insets) was performed by nonlinear regression using PRISM 3.03 software (GraphPad). EGFR-P cells express Ϸ600,000 EGFR per cell (A). The EGF-binding results best fit a linear Scatchard plot, although signs of convexity can already be observed. The convexity is much more pronounced in Scatchard plots of EGF-binding results to EGFR-P cells expressing 180,000 EGFRs per cell (see Fig. 7 ).
pared with the EGFR-P control (Fig. 6 , which is published as supporting information on the PNAS web site).
As a control, we performed EGF-binding experiments with cells expressing wild-type EGFR. These experiments revealed typical curvilinear Scatchard plots of two affinity-binding classes with apparent K D values of 130 pM and 7 nM, corresponding to the high-and low-affinity receptor classes, respectively (Fig. 7 , which is published as supporting information on the PNAS web site). These affinities are in good agreement with the previously reported affinities for the full-length EGFR (4). Taken together, these experiments show that a mutated EGFR that is defective in internalization does not exhibit the high-affinity class seen with wild-type EGFRs on living cells. Moreover, disruption of the intramolecular tether led to a 2-to 3-fold increase in the strength of EGF binding to these low-affinity sites.
Disruption of the Dimerization Interface. Three different types of mutations were generated in the EGFR-P background to address the question of how disrupting the dimerization interface influences EGF binding characteristics. In the first mutant, the entire dimerization arm (amino acids 242-259) was deleted to generate a mutant designated Del:242-259. This mutant gave a linear Scatchard plot with an apparent K D of Ϸ36 nM (Fig. 3B) . Deleting the entire dimerization arm thus reduces EGF-binding affinity by 6-fold compared with the EGFR-P control (Table 1) . In a second mutant, two amino acids forming hydrogen bonds across the dimer interface were mutated (reviewed in ref. 6); Tyr-251 was replaced with alanine, and Arg-285 was replaced with serine (Y251A͞R285S). Nonlinear curve fitting to saturation-binding data for Y251A͞ R285S produced a concave-down curvature with a best fit to an apparent K D of 16 Ϯ 2 nM (Fig. 3C ), which represents a 3-fold decrease in affinity compared with EGFR-P (apparent K D of Ϸ6 nM) (Fig. 3A) . Furthermore, the measurements of IC 50 , Ϸ10 nM for this mutant (Fig. 1 ) compared with Ϸ 3 nM for EGFR-P, is in good agreement with these saturation-binding data. Additional important intermolecular contacts across the dimerization interface are provided by the side chains of Asp-279 and His-280 (14) , which both were replaced with alanines in D279A͞H280A. Nonlinear curve-fitting to 125 I-EGF-binding data for (D279A͞H280A) produced a best fit of Ϸ16 nM (Fig. 3D) , similar to the value measured for the Y251A͞R285S mutant. IC 50 values for these two dimerization-defective mutants are in agreement with the affinity constants obtained from saturation-binding data ( Table 1 ). The fact that the two double-point mutations both reduce EGF-binding affinity to a smaller extent than seen with the mutant lacking the entire dimerization arm suggests that receptor dimerization is incompletely disrupted in the Y251A͞R285S and D279A͞H280A mutants.
Description of Model. We previously introduced an equilibrium model (8) for ligand-induced dimerization of EGFR that takes into account the autoinhibition of the receptor. Here, we expand this model (Fig. 4) to enable simulation of both the release of the autoinhibitory tether and disruption of receptor dimerization. Both simulations are compared with experimental results. In addition, we incorporate into the model distinct affinity constants for the three distinguishable binding events, namely, binding to receptor monomers, binding to unoccupied receptor dimers, and binding to dimerized receptor that has one ligand molecule bound. This latter extension of the model enables us to Apparent KD and Bmax values obtained were average of three independent experiments with the indicated standard errors. Model predictions for the apparent receptor concentrations are indicated. account for the convexity displayed in the Scatchard plot of the mutant with complete disruption of the autoinhibitory tether (Figs. 2C and 6 ). The equilibrium equations (models I, II, and III) used to solve the model are shown below. Rewriting 1-6:
Model I ϭ Eqs. 1Ј-3Ј ϭ disrupted dimerization.
Model II ϭ Eqs. 3Ј-6Ј ϭ disrupted autoinhibition.
Model III ϭ Eqs. 1Ј-6Ј ϭ wild type with deleted cytoplasmic domain.
To compute the apparent affinity in a simulation we used a simple linear regression on the simulated Scatchard plot (15). In the case of convex plots we generally performed the regression on the right-most part of the simulated Scatchard plot to ensure that any systematic bias resulting from the convexity of the plot did not substantially alter the results. Although linear regression is not advisable in connection with experimental data, it can be applied for linear simulations. On the other hand, for convex Scatchard plots the apparent dissociation constants can be highly sensitive to the selection of points. Therefore, one should be careful with quantitative conclusions drawn from convex Scatchard plots. The apparent 3D concentrations of EGFR were calculated from the experimentally determined receptor per cell numbers (Table 1) , using the same average-distance-to-nearest-neighbor approach as before (8) . We have decreased the values used for K and K 1 to Ϸ1 and 100 nM, respectively, from our previous estimates for binding to soluble forms of EGFR (8) because of the effect of membrane dimensionality on the on-rates and to better fit the experimental data. It is noteworthy that the apparent ligand-binding affinity as measured in this article for the internalization-impaired EGFR-P mutants is in good agreement with the previously determined affinity class corresponding to the shallow (low-affinity) part of the Scatchard plot as measured for full-length EGFRs on living cells. This result argues that the shallow part of the Scatchard plot corresponds to the binding of ligand to a receptor that can exist in the three states of tethered, extended, and dimer, whereas the steeper part of the Scatchard plot corresponds to a binding event involving external factors of as-yet-undetermined nature, for which the intact intracellular domain is required. In Fig. 5 IIIa we show a simulated Scatchard plot that is in good agreement with the experimental plot for EGFR-P (Fig. 7B) . 
Simulation of Binding Results to Mutants with Impaired Intramolecular
Tether. We used a model that has only one state for receptor (Fig. 4 , Scheme 2). If K ϭ K a ϭ K b , i.e., if ligand binding is fully independent of dimerization, it is only possible to obtain linear Scatchard plots (Fig. 5IIa) . In our experiments with EGFR-P, the Scatchard plots for the mutation Del:560-590 show minor convexity, whereas the plot for D563A͞H566A͞K585A shows considerable convexity (Fig. 2C) . Although we cannot rule out the possibility that the mutations have not completely disrupted the autoinhibition, we also consider the possibility that K, K a , and K b are not equal. The primary condition for convexity in our model is that K b is lower than K a (Fig. 5 IIb and IIc), i.e., that there is positive cooperativity in EGF binding to EGFR. Because there does not appear to be any direct contact between the two ligands in a fully dimerized complex (6), a potential explanation for such positive cooperativity might be that the first binding event stabilizes a conformation of the second receptor molecule that binds ligand more strongly, so that the cost of binding the second ligand is lower.
Simulation of Binding Results to Mutants with Impaired Dimerization.
To simulate a mutant with impaired dimerization we used a model that has two states for the receptor, namely extended and autoinhibited, but does not allow dimerization (Fig. 4, Scheme 1) . This model is only capable of producing linear Scatchard plots (16) (Fig.  5Ia) . The simulation of the mutant devoid of the entire dimerization arm (Del:242-259) appears linear. Of the two other mutants studied here, one (D279A͞H280A) shows strong convexity (Fig.  3D ), whereas another (Y251A͞R285S) appears somewhat convex (Fig. 3B) . This result suggests that these two mutants are at least capable of limited dimerization, a hypothesis that fits with their apparent EGF-binding affinity. In Fig. 5III b and c we show that it is possible to simulate convex Scatchard plots with model III, using a lower dimerization constant. The apparent affinity obtained in the simulation closely matches that obtained experimentally.
Conclusion
Determination of crystal structures of the EGFR extracellular ligand-binding domain revealed two distinct conformational states: a tethered monomeric autoinhibited configuration and an extended dimeric configuration. Simultaneous engagement of binding sites in both domains I and III by a single ligand molecule causes exposure of a key dimerization arm in domain II and smaller domain II conformational changes that optimize interactions across the dimerization interface (14) . Based on the cell surface EGF-binding parameters measured with the approach described here, which removes the complication of a poorly understood high-affinity state, we have refined our previous mathematical model to investigate directly the effects of receptor dimerization and autoinhibition on EGF binding to EGFR in living cells. Using a truncated, EGFR mutant that is impaired in internalization and other parameters, experimental and simulated Scatchard plots are concavedown, indicating positive cooperativity (Fig. 2C) . We suggest that this positive cooperativity is normally masked in studies of wild-type EGFR by occurrence of the high-affinity class of receptors, which requires cytoplasmic domain interactions. We analyzed the effects of impairing receptor dimerization on the binding profile of EGF by simulating Scatchard plots at various dimerization affinities and analyzing EGF binding to dimerization site mutants. In both models and experiments, an absence of dimerization converted the concave-down Scatchard plots seen in Fig. 2C , for example, into linear plots (Figs. 3B and 5) . Mutants or models that partially disrupt EGFR dimerization retain some concave-down curvature as expected (Figs. 3 C and D and 5). As we showed earlier, however, the concave-up curvature typical of an EGF-binding Scatchard plot for wild-type EGFR can be simulated only by including in the model a saturatable high-affinity external site for receptor dimers (8) .
We also show that disruption of the autoinhibitory tether in EGFR-P increases the apparent affinity toward EGF by Ϸ2-to 3-fold, demonstrating that the intramolecular tether exerts only limited autoinhibitory control on receptor activity (9) . Indeed, EGFR mutants devoid of the autoinhibitory tether are not constitutively activated and do not promote deregulated activation of downstream signaling pathways (7, 9, 17) . Our experimental findings with EGFR-P, together with mathematical modeling, clearly argue that the so-called low-affinity EGF-binding sites seen in studies of the wild-type EGFR represent the interconverting tethered and extended (dimerizing) form of the receptor extracellular domain inferred from structural studies. Altering the tethered to extended equilibrium directly affects the affinity measured for this average low-affinity state and need not affect the poorly characterized high-affinity state. In addition, these experiments provide further support for the notion that for EGFR to function as a sensitive signaling receptor it must posses multiple layers of not very strong autoinhibitory mechanisms before ligand stimulation (18) .
Finally, it is interesting to compare the EGF-binding affinities measured here for cell-surface EGFR-P with those determined by using the isolated extracellular ligand-binding domain, sEGFR (14) . The apparent K D is reduced from 175 nM for wild-type sEGFR to 6.4 nM for wild-type EGFR-P in cell membranes, a 27-fold difference. Considering all mutants studied, anchoring the EGFR extracellular domain to the cell surface appears to increase EGF-binding affinity by 15-to 50-fold, corresponding to Ϸ2 kcal͞mole. Because EGF binding is linked to receptor dimerization, membrane anchoring of the receptor should enhance EGF-binding affinity by increasing the local concentration (and thus dimerization) and reducing the number of degrees of orientational freedom of the receptor. The enhancement in EGF-binding affinity is significantly less than might be predicted based on theoretical considerations (19) . However, because experiments with sEGFR (14) use protein concentrations within Ϸ10-fold of the effective cell-surface EGFR-P concentration ( Table 1 ) the influence of reduced dimensionality in this respect is likely minimal. Enhancement of EGF binding through restricted orientation at the cell surface appears at most to have a modest influence. Thus, our studies of cell-surface EGFR-P argue that the process of EGF binding to two interconverting soluble extracellular domains provides a reasonable physical view of the nature of the low-affinity EGF-binding sites seen with wild-type EGFR in living cells. A major challenge for the future is to determine how this process is altered for a subset of intact receptors and what precisely is the conformation of the minority high-affinity EGF-binding sites on living cells.
Materials and Methods
Preparation of EGFR Mutants and Cell Lines. Human EGFR was cloned into the retroviral vector pLSV as described (4) and used to prepare a truncated EGFR-P platform mutant lacking most of the cytoplasmic domain. EGFR-P was constructed by fusing together a PCR fragment encoding the N-terminal 630-aa portion of human EGFR with a DNA sequence coding for a myc tag, a stop codon, and a noncoding short stretch of 3Ј UTR. This DNA construct was cloned into the mammalian expression vector pBabe-puro by using conventional cloning procedures. All mutations were introduced into the EGFR-P background by using the QuikChange method according to manufacturer specifications (Stratagene) and confirmed by DNA sequencing.
Deletion mutant Del:242-259 lacking the entire dimerization arm of domain II was generated in a single step, whereas deletion mutant Del:560-590 was generated in three steps: removal of residues 560-572, removal of residues 573-581, and finally removal of amino acids 582-590. Lipofectamine 2000 (Invitrogen) was used to introduce viral constructs into GPG cells (a gift from Joan Brugge, Harvard University, Cambridge, MA) according to the manufacturer's directions. Harvested virus was used to infect 2.2 cells (a derivative of 3T3) lacking endogenous EGFR as described (20) .
Immunoprecipitation and Immunoblotting Experiments. Mouse 3T3 2.2 cells expressing the EGFR mutants were grown in DMEM containing FBS 10%, 100 units͞ml streptomycin penicillin, and 1 g͞ml puromycin. Cells were washed twice with cold PBS (1ϫ) and lysed in buffer containing 1% Triton 100-X as described (4, 20, 21) . EGFR was immunoprecipitated by incubating cell lysates for 1 h with monoclonal anti-EGFR antibody (mAb108) followed by an additional 1-h incubation with Protein A Sepharose (Zymed).
Immunoprecipitates were washed with buffer containing 0.1% Triton X-100, separated by SDS͞PAGE, and transferred to nitrocellulose membrane (Bio-Rad). Membrane was blocked for 1 h in 5% BSA͞Tris buffered saline and immunoblotted with anti-Myctag antibodies (Sigma). Proteins were visualized by incubation with enhanced chemiluminescence (Amersham Pharmacia).
